Introduction {#s1}
============

Up to a few generations ago, human life histories were shaped under harsh environmental conditions with high pathogenic burden that led to selection for individuals who could resist fatal infection [@pone.0007795-Cooke1]--[@pone.0007795-vanBodegom1]. We consider it likely that in contemporary populations living under adverse environmental conditions such responses are still essential for survival. Selection for a genetic make-up promoting resistance against infections may be observed at cytokine genes. Previously, genetic variants at the *IL10* locus have been shown to modulate innate inflammatory responses, and associated to chronic diseases [@pone.0007795-Crawley1]--[@pone.0007795-Trompet1]. However, the proposed evolutionary selection for variants mediating resistance to infectious diseases has been taken for granted [@pone.0007795-Drenos1]--[@pone.0007795-Strong1]. We investigated such selection in action in group of people from a large contemporary rural population (n = 25,184) living in a remote Garu-Tempane district, a densely populated agricultural area in southeast of the Upper-East region of Ghana. This population lives under adverse environmental conditions characterized by high infectious pressure and high mortality rate, especially at young age [@pone.0007795-Meij1].

Results and Discussion {#s2}
======================

IL-10 is a potent immunoregulatory cytokine that inhibits the synthesis of various pro-inflammatory cytokines [@pone.0007795-Hu1], [@pone.0007795-Fiorentino1]. Several SNPs in the *IL10* gene are known to influence innate cytokine production. Here, we genotyped these and additional SNPs in the *IL10* gene, in total 20 SNPs, covering all genetic variation in the coding, upstream and downstream regions (∼23.5 kb) ([**Figure 1A**](#pone-0007795-g001){ref-type="fig"} **;** [**table S1**](#pone.0007795.s001){ref-type="supplementary-material"}) in 4336 participants, and tested their influence on cytokine production and survival in different environmental conditions. The allelic frequencies were in Hardy-Weinberg equilibrium for most of the SNPs, with few exceptions where minor deviations were observed ([**table S1**](#pone.0007795.s001){ref-type="supplementary-material"}). The majority of genotyped SNPs fell into one linkage disequilibrium (LD) block, which is characterized by one common haplotype (haplotype 1, population frequency 43%), and by several minor haplotypes (frequencies≤8%, [**Figure 1A**](#pone-0007795-g001){ref-type="fig"}). IL-10 and TNF-α production (n = 615) were found to be influenced by a number of SNPs. Haplotype 1 that constitutes of the rs1800871, rs1800872, rs3024490 and rs1554286 SNPs was associated with lower IL-10 (p = 0.028) and higher TNF-α (p = 1.39×10^−3^) responses than the population mean, i.e. with a pro-inflammatory response ([**Figure 1B**](#pone-0007795-g001){ref-type="fig"} **;** [**tables S2**](#pone.0007795.s002){ref-type="supplementary-material"} **,** [**S6**](#pone.0007795.s006){ref-type="supplementary-material"}). The low TNF-α response that is found in parallel with high IL-10 response reflects the IL-10 mediated down regulation of TNF-α. This observation is in accordance with previous studies showing that increased levels of IL-10 limit inflammatory response to minimum, and keep collateral damage at bay [@pone.0007795-Fiorentino1]. In case of haplotype 4 and 5, which also led to lower IL-10 production, but not to lower TNF-α production, it might be reasoned that the contribution of these *IL10* variants to low IL-10 levels are not very strong, as reflected by large error margins. This might also explain why the TNF-α levels are low, as the opposite would have been expected.

![*IL10* gene structure, cytokine production and changes in allele frequencies with age.\
(**A**) *IL10* gene structure with flanking gene regions (∼23.5 kb) and location of the genotyped SNPs. Pair-wise linkage disequilibrium (LD, D\') as observed in the Ghana study population (n = 4336) is also depicted. Frequencies of the different haplotypes (if \>1%) are presented with the minor alleles of each SNP indicated in red; (**B**) The association between the minor allele of each *IL10* SNPs and *ex vivo* cytokine production in response to co-stimulation with LPS and zymosan (n = 615). The production of IL-10 and TNFα is expressed as z-scores with s.e.m, which indicate the deviance from population mean (zero-value) for carriers of at least one copy of the minor allele. Data were obtained using linear regression adjusted for age, sex, socioeconomic status and tribe, \* p\<0.05; \*\* p\<0.001; (**C**) Minor allele frequencies of the *IL10* SNPs in three age groups: ≤5 years (n = 1014), 20-45 years (n = 1462) and in ≥60 years (n = 727). Differences between groups were studied using linear regression adjusted for sex, socioeconomic status and tribe; \* p\<0.05; \*\* p\<0.001.](pone.0007795.g001){#pone-0007795-g001}

Next, we compared allele frequencies of the various *IL10* SNPs and haplotypes between children (≤5 years), middle aged (20--45 years) and older (≥60 years) individuals to determine whether some of these alleles are enriched or depleted with age. The discriminating SNPs and haplotype 1 that associated with pro-inflammatory cytokine response pattern, were significantly enriched among older Ghanaians (p~trend~ = 2.46×10^−6^ for haplotype 1), hence reflecting a survival benefit for carriers of these alleles up to relatively high ages ([**Figure 1C**](#pone-0007795-g001){ref-type="fig"} **;** [**tables S3**](#pone.0007795.s003){ref-type="supplementary-material"} **,** [**S7**](#pone.0007795.s007){ref-type="supplementary-material"}).

From 1973 to 1980 the Ghana Water Utilization Project drilled boreholes throughout Ghana [@pone.0007795-Shier1], which resulted in a major quality improvement of drinking water over the last 25 years. In the research area (n = 25,184) the majority of people now have access to safe drinking water from boreholes (80.6%), whereas a minority still retrieves their water from traditional drinking sources, such as wells (17.8%) and rivers (1.5%). The adverse effect of unsafe drinking water is reflected by a significantly higher mortality risk among people using rivers/wells as a drinking source compared to those having access to boreholes (hazard ratio (HR) 1.28, 95% CI \[1.09--1.50\], p = 2.4×10^−3^, [**Figure 2B**](#pone-0007795-g002){ref-type="fig"}). We tested whether the source of drinking water provides a selection pressure for pro-inflammatory genetic variation at the *IL10* locus ([**Figure 2A**](#pone-0007795-g002){ref-type="fig"}; [**table S4**](#pone.0007795.s004){ref-type="supplementary-material"}). Indeed, the frequency of haplotype 1 (p = 8.20×10^−3^) and the minor alleles of each of the relevant SNPs (rs1800871, rs1800872, rs3024490 and rs1554286, p\<0.05) were significantly higher among people using drinking water from wells/rivers compared to those who use water from boreholes ([**tables S4**](#pone.0007795.s004){ref-type="supplementary-material"} **,** [**S8**](#pone.0007795.s008){ref-type="supplementary-material"}). Furthermore, during five year follow-up period, we observed a significant interaction between drinking source and genetic variants in the *IL10* gene on survival ([**Figures 2B, 2C**](#pone-0007795-g002){ref-type="fig"}). Carriers of pro-inflammatory SNPs and haplotype 1 experienced a survival benefit when using water from wells/rivers but suffered a mortality risk when boreholes were used as a drinking source (for haplotype 1 p~interaction~ = 0.013) ([**tables S5**](#pone.0007795.s005){ref-type="supplementary-material"} **,** [**S9**](#pone.0007795.s009){ref-type="supplementary-material"}). Similar association were observed when using data for people who have drunk for their entire lives from boreholes (n = 1296) or from wells/rivers (n = 347)([**tables S10**](#pone.0007795.s010){ref-type="supplementary-material"} **and** [**S11**](#pone.0007795.s011){ref-type="supplementary-material"}). This data demonstrates that pro-inflammatory alleles rescue their carriers of excess mortality in adverse environmental conditions leading to survival probabilities that are comparable to those in affluent environments, and thereby creating selection pressure. However, in an affluent environment, the same pro-inflammatory response leads to increased mortality.

![Environmental interaction with gene expression in Ghana.\
(**A**) Minor allele frequencies of the *IL10* SNPs for people who make use of wells/rivers (n = 802) or boreholes (n = 3284) as a drinking source (\* p\<0.05); (**B**) Age-specific mortality risks during a five-year follow-up period for people drinking from wells/rivers and in interaction with the rs3024490 SNP. People drinking from wells/rivers had higher age-specific mortality risk compared to those drinking from boreholes (hazard ratio (HR) 0.79, 95% CI \[0.67--0.92\], p = 3.0×10^−3^). In addition, carriers of the pro-inflammatory rs3024490 SNP experienced a survival benefit when using water from wells/rivers but suffered a slight mortality risk when boreholes were used as a drinking source (p~interaction~ = 0.040); (**C**) Mortality risks for carriers of the *IL10* SNPs separately for those who make use of wells/rivers, or boreholes, as a drinking source and interaction terms (indicated with a big star, p\<0.05).](pone.0007795.g002){#pone-0007795-g002}

Inflammation is already known to be a double edged sword as there is always collateral damage when fighting infection. In case of malaria, it has been observed that an intermediate response provides a defence against infection whereas an excessive response increases the likelihood of a fatal outcome [@pone.0007795-Grau1]--[@pone.0007795-Molyneux1]. In addition, it is likely that a subtle balance in the selective pressure for pro- and anti-inflammatory alleles exists to outweigh positive over negative effects. Under more benign conditions, the adverse effects may become more prominent, as altered pathogen loads, e.g. due to improved drinking water, could disturb the fine-tuning between immune response and environment. Studies have demonstrated that chronic infection with helminths of which many are water-borne, have a downregulatory effect on immune responsiveness, both innate [@pone.0007795-Hartgers1] and adaptive [@pone.0007795-Maizels1], whereas removal of helminths and their anti-inflammatory influence lead to pathological conditions [@pone.0007795-Jackson1]. In a population, where infections are prevalent (in the Ghanaian population 85% of all participants and 100% under 30 years of age are infected with *P. falciparum*), decrease in downregulatory capacity might have a detrimental impact on the course and outcome of infection as a result of excessive inflammatory reaction [@pone.0007795-Jackson1].

Next we set out to investigate whether the pro-inflammatory (low IL-10/high TNF-α) response could originate from variants in the *IL10* gene other than the rs1800871, rs1800872, rs3024490, and rs1554286 SNPs within the haplotype 1. It could be that these variants tag some nearby functional variant. Hereto we resequenced the *IL10* gene region (∼23.5 kb) in 37 individuals, of whom 19 carried haplotype 1, and 18 haplotypes 2 or 3 ([**Figure 3**](#pone-0007795-g003){ref-type="fig"}). The resequenced region extended beyond LD boundaries as observed in the HapMap Yoruba data. In total, we identified 58 variants of which 33 were previously identified SNPs (present in dbSNP) and 20 undescribed SNPs. In addition, we observed three insertions and two deletions ([**table S12**](#pone.0007795.s012){ref-type="supplementary-material"}). In contrast to expectation, haplotype 1, which has a population frequency of 43%, did not contain any additional common variants to the four SNPs that were initially genotyped ([**Figure 3**](#pone-0007795-g003){ref-type="fig"}). These suggests that one or more of these SNPs are likely to be functional themselves or are in LD with a functional variant that leads to lower IL-10 production as observed earlier. The latter has been commonly suggested by studies analyzing *IL10* gene variants. However, since we resequenced an *IL10* gene region beyond LD boundaries, then this option is unlikely. It is far more likely that these variants influence *IL10* transcription themselves. Previous experimental data has shown that rs1800871 SNP resides in a binding site for GATA3, which directly remodels the *IL10* locus, and that rs1800872 SNP resides in the binding site for ETS1, influencing transcription activity of *IL10* [@pone.0007795-Li1]--[@pone.0007795-Mosser1].

![Location of genetic variants identified by resequencing the *IL10* gene, and haplotype structure as inferred by PHASE.\
Haplotypes were obtained from unphased resequencing data for 74 chromosomes (37 individuals) and were grouped into haplotype 1 and haplotypes 2 or 3 based on the initial criteria for selecting individuals for resequencing. Characteristic of the originally selected haplotype 1 was the presence of the rs1800871, rs1800872, rs3024490 and rs1554286 SNPs (indicated in boxes). The major and minor alleles are indicated in blue and yellow, respectively.](pone.0007795.g003){#pone-0007795-g003}

Variation in the *IL10* gene has been extensively studied in relation to cytokine production and disease prevalence. In line with our reasoning, several *IL10* variants have been associated with increased prevalence of inflammation-related diseases, but other studies have reported no or opposing associations [@pone.0007795-Crawley1]--[@pone.0007795-Smith1], [@pone.0007795-Heiskanen1], [@pone.0007795-Trompet1], [@pone.0007795-Ates1], [@pone.0007795-Bis1]. One possible explanation is that regulation of the *IL10* gene may be different in cells of the innate and adaptive immune system, and genetic associations may consequently differ for various pathologies. In addition, population differences might be at play as the allele frequencies of *IL10* SNPs differ between populations: for instance, the minor alleles of rs1800871 and rs1800872 occur at lower frequencies in Caucasian than in African populations (rs1800871: 17.3% vs. 47.0%; rs1800872: 20.2% vs. 47.2%, **[Table S1](#pone.0007795.s001){ref-type="supplementary-material"}**). This could reflect the populations\' demographic history, or be the result of relaxed selection on resistance to infection, as in affluent environmental conditions these alleles are not essential for survival anymore. That could have lead to accumulation of additional genetic variants in the *IL10* gene locus in Caucasian populations, thereby providing an alternative explanation for the opposing results obtained by various studies.

In summary, the association between genetic variation in the *IL10* gene, cytokine production and mortality, the skewing of allele frequencies over age and environmental conditions, all provide strong arguments for selection of genetic variation inducing pro-inflammatory responses. Population stratification is unlikely to explain for the associations observed, since analysis of mtDNA and Y-chromosomal genetic variation patterns in our study population revealed that female mediated gene flow is nearly fully random whereas male mediated gene flow is highly reduced. This genetic substructure is an immediate result of the patrilocal society of the study population. In addition, in all our analyses we controlled for socioeconomic status and tribe, variables that may have influenced the associations found. Altogether, our data support the hypothesis that selection for individuals with a potent innate, pro-inflammatory host response is favoured under adverse environmental conditions to fight infection. However, the same response has increasingly been recognized as a key determinant in the development and severity of various age-related degenerative diseases [@pone.0007795-Strong1], [@pone.0007795-Walker1].

Materials and Methods {#s3}
=====================

Participants {#s3a}
------------

The project protocol and objectives of the study were carefully explained to the research population in their own language by a local translator. As most of the population is illiterate, witness observed oral informed consent was obtained from all participants. In addition, for 615 participants who gave blood for cytokine measurements, an informed consent was obtained either by signature or thumbprint on consent form. This procedure and the whole study were approved by the Medical Ethical Committee of the Ghana Health Service in Ghana, as well as by the Medical Ethical Committee of the Leiden University Medical Center in the Netherlands. In addition, we made use of the data in the International HapMap project ([www.hapmap.org](http://www.hapmap.org)) to which a total of 270 people contributed. The Yoruba people of Ibadan, Nigeria data comprises of 30 sets of samples from two parents and an adult child (trio). For Japan and China, 45 unrelated individuals from the Tokyo area and from Beijing, respectively, provided samples. The Centre d\'Etude du Polymorphisme Humain (CEPH) data was attained from thirty U.S. trios, which were collected in 1980 from U.S. residents with northern and western European ancestry.

Study Site {#s3b}
----------

We conducted our study in Garu-Tempane district, a densely populated agricultural area in southeast of the Upper-East region of Ghana, which is inhabited by several tribes, mostly Bimoba (67%) and Kusasi (27%) [@pone.0007795-Meij1]. The whole Ghana Upper-East region and especially the Garu-Tempane district is underdeveloped with an estimated gross domestic product per head of less than \$100 [@pone.0007795-vanBodegom2]. The research area is situated close to the village of Garu and measures approximately 375 km^2^. People in the research area live in polygamous extended families. The vast majority of the people are farmers and the total agricultural process is done by hand labour. The area is highly endemic for malaria (85% of whole population is infected with *Plasmodium falciparum*), typhoid fever, meningococcal disease and intestinal helminth infections. Hospitals and medical services are only marginally available in the area. Vaccination of children was introduced in the early 1990s, but coverage amongst children is highly variable. It is estimated that about 50% of the children under the age of ten years have been vaccinated at least once against either measles, poliomyelitis, or diphteria-tetanus-pertussis [@pone.0007795-Meij1]. In 2001, we mapped the research area using a GPS system [@pone.0007795-Meij1], [@pone.0007795-vanBodegom2]. Since 2002, we have revisited the area annually to assess population changes. Use of drinking source was determined in 2007.

Cytokine Production {#s3c}
-------------------

Cytokine production capacity was assessed in 615 participants by stimulating *ex vivo* whole blood samples with a combination of 10 ng/ml *E. coli* LPS (Sigma-Aldrich, Zwijndrecht, The Netherlands) and 100 µg/ml *S. cerevisea* zymosan (Sigma-Aldrich, Schnelldorf, Germany) [@pone.0007795-May1]. After 24 hours of incubation supernatants were collected and kept at −20°C in Ghana until transported on dry ice to the Netherlands. In the Netherlands all samples were stored at −80°C until cytokine levels were determined by ELISA. Cytokine ELISA for human TNF-α and IL-10 were performed according to manufacturers\' guidelines (Central Laboratory of the Blood Transfusion Service, Amsterdam, the Netherlands), with detection limits of 4.0 pg/ml and 3.0 pg/ml respectively.

DNA Collection and Isolation {#s3d}
----------------------------

For DNA isolation buccal swabs were collected, which were placed in a 15 ml Falcon tube, containing 2.5 ml STE buffer (100 mM NaCl, 10 mM Tris and 10 mM EDTA) with proteinase K (0.05 mg/ml), pronase (0.1 mg/ml) and sodium dodecylsulphate (0.5%), and transported to the Netherlands for DNA isolation. DNA isolation was carried out by a commercial company (BaseClear, Leiden, The Netherlands).

SNP Selection and Genotyping {#s3e}
----------------------------

We selected 20 SNPs from the *IL10* gene region covering 23 250 bp (chr1:203,320,846-203,344,096) from the HapMap database release \#21 ([www.hapmap.org](http://www.hapmap.org)) using the Yoruba in Ibadan, Nigeria (Yoruba) data. The Haploview\'s program Tagger [@pone.0007795-Barrett1] was used to derive a set of tag SNPs from the whole gene region such that each common SNP (≥5%) in that set was captured with r2≥0.8. Besides the SNPs obtained through this approach, polymorphisms that have been associated with a phenotype were included to the analyses. All SNPs were genotyped using mass spectrometry (Sequenom Inc, San Diego, CA, USA), according to the manufacturer\'s instructions.

DNA Sequencing {#s3f}
--------------

*IL10* gene region was sequenced using 32 PCR fragments that covered in addition to all exons and introns, also upstream and downstream flanking regions, in total 23 250 bp. The data on the sequenced region has been deposited in GenBank (GenBank accession no. GQ405199). The sequencing reactions were performed using Applied Biosystems BigDye (version 3.1) chemistry, and the sequences were resolved using an ABI 3730xl DNA Analyzer. The sequence assembly was performed using the ChromasPro 1.34 software (<http://www.technelysium.com.au/ChromasPro.html>).

Statistical Analysis {#s3g}
--------------------

The program Haploview [@pone.0007795-Barrett1] was used to estimate SNP frequencies and test for Hardy-Weinberg equilibrium. Haplotypes and haplotype frequencies were calculated using PHASE [@pone.0007795-Stephens1]. In all haplotype analyses the posterior probabilities of pairs of haplotypes per participant, as estimated by PHASE, were used as weights. All cytokine levels were log-transformed, since they were not normally distributed, and converted into z-scores ((individual level -- mean level)/SD), which were used in further analyses. Association between cytokine production and SNPs or haplotypes was tested with linear regression. The differences in SNP and haplotype frequencies between young, middle-aged and older study participants were tested using linear regression. Cox propositional hazard model was used to calculate mortality risks. All analyses were adjusted for age, sex, socioeconomic status and tribe. Analyses were performed with SPSS version 14.0 (SPSS Inc., Chicago, IL, USA) and STATA version 9 (StataCorp LP, TX, USA) statistical software.
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